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Summary

The separation and characterization of two irradiated uranium targets, a depleted uranium (DU)
and a highly enriched uranium (HEU) target, was conducted in April of 2021. The two targets
were assembled at Los Alamos National Laboratory (LANL) and irradiated using the critical
assembly at the National Criticality Experiments Research Center (NCERC). Splits of the
dissolved targets were received by Pacific Northwest National Laboratory (PNNL), after which
the PNNL and LANL teams chemically separated the solutions using independent separation
schemes and analyzed the separated fractions for short-lived actinides and fission products.

Chemical separations at PNNL were traced with stable or radioactive tracers to allow for the
determination of chemical yields, analyzing using either inductively coupled plasma optical
emission spectroscopy (ICP-OES), inductively coupled plasma mass spectrometry (ICP-MS) or
gamma emission analysis (GEA), depending on the nature of the tracer. Several other analytical
techniques were used by PNNL including kinetic phosphorescence analysis (KPA) and thermal
ionization mass spectrometry (TIMS), depending on the analyte’s need.

The teams compared current and historical PNNL and LANL data with literature values. Overall,
there was agreement between the two laboratories for the bulk of analytes, with some notable
exceptions such as '""Ag, and #'43144Ce. These comparisons and analysis provided total
atoms as well as the R-values for the short-lived actinides 22’U and 2*°Np, and the fission
products 89y, 91y, 950977y 99\|o, ”1Ag, 115/115mCq 136/137Cg 140Bg, 141/1431144C 147N(, 153Sm), 156,
and '®'Tb. The data presented in this report represents the sixth NCERC irradiation of HEU and
DU (FY 2013, FY 2014, FY 2015, FY 2017, FY 2018, FY 2021), and their subsequent
separation and analysis.
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1.0 Introduction

Fission product yields and data are integral to the fundamental understanding of the fission
process and feed directly into the nuclear forensics and nuclear physics models of the fission
process. The stronger the foundation of the nuclear data is, whether that is the uncertainty
associated with a decay path or the cumulative fission yield of a specific fission product, the
stronger the conclusions that can be made from the models using these data.

Within the F2019 “Integral Measurements of Independent and Cumulative Fission Product
Yields,” joint project (LA19-ML-Integral_Fission_Product_Yield-NDD3Ad), an area of particular
focus has been the improvement of fission product yields as a function of incident neutron
energy and target actinide using the capabilities reestablished and refined in previous years to
support the nuclear forensics mission. This project addresses this nuclear data issue through a
campaign of consistent and repeated measurements using the same neutron sources and
experimental processes for each of the actinides investigated. Reducing uncertainties in fission
product yields aids in the constraint of the multiparameter models used by nuclear forensics in
support of attribution.

The measured fission product R-values (fission yields relative to °®®Mo) and spectral index using
the ratio of fissions from the two targets, (*3U and 2*°U targets) are presented for the two
sources irradiated during the FY 2021 experimental campaign. Targets were prepared by Los
Alamos National Laboratory (LANL) and irradiated on the Flattop critical assembly at the
National Criticality Experiments Research Center (NCERC) located within the Device Assembly
Facility (DAF). Details on the target manufacturing process can be found in a separate joint
report (Uhnak et al. 2021a).

Comparisons were made between historical and current Pacific Northwest National Laboratory
(PNNL) and LANL results, as well as literature values. Included in these comparisons were the
short-lived actinides 22’U and 2**Np, and the fission products #Sr, °'Y, %°7Zr, Mo, """Ag,
115/115mCd, 136/13703, 14°Ba, 1‘””43”44Ce, 147Nd, 153Sm, 156Eu, and 161-|-b, which provided total atoms
as well as the R-values. This report contains the data from FY 2021, the sixth NCERC
irradiation of highly enriched uranium (HEU) and depleted uranium (DU) in which PNNL has
participated. Previous irradiations and subsequent separation and analysis occurred in FY 2013,
FY 2014, FY 2015, FY 2017, and FY 2018. Data from each of the previous campaigns will be
compared to the FY 2021 data.
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2.0 Irradiation of Prepared Targets

The multiple targets LANL made are referenced in Table 2.1 by the designations assigned by
LANL and PNNL. This report will only discuss targets shared between LANL and PNNL, and
PNNL naming designations will be used to prevent confusion. Isotopic composition of the
targets can be found in Table 2.2.

Table 2.1.  Details on target including naming, mass, material, irradiation conditions, and

dates.

Sample Z11051 211050
Irradiation time (D) 0.0951 0.0951
Target mass (g) 0.3751 0.1830
Target material DU HEU
LANL name 4510 4511
Irradiation date 4/12/21 4/12/21
PNNL receipt date 4/20/21 4/20/21

DU = depleted uranium; HEU = highly enriched uranium; LANL = Los Alamos National Laboratory;
PNNL = Pacific National Laboratory

Table 2.2.  Isotopic composition in percent of the target materials. Further information on the
target materials can be found in Uhnak et al. (2021a).

Isotope
Target 234 * (%) 235 * (%) 236 * (%) 238 * (%)
Material
DU 7.81E-04 6.2 2.00E-01 N/A 2.76E-03 5.3 99.8 0.71
HEU 1.1239 0.38 93.236 0.01 0.2592 0.62 5.381 0.28

DU = depleted uranium; HEU = highly enriched uranium; N/A = not applicable

2.1 Preparation of A Solution and Splits

Targets were dissolved using the methods described in the joint report (Uhnak et al. 2021a),
producing the A solutions in 4 M HNOs. The details of the A solution splits obtained from LANL
are included in Table 2.3. PNNL received more than 50 percent of the total A solution mass for
sample Z11051, but less than 50 percent of the A solution for Z11050. To provide a uniform
interlaboratory comparison, the grams of target per gram of A solution value is included

(g target/ g A). This value is used to relate fission product data directly back to the target mass
rather than the A solution mass.

Table 2.3. A solution splits sent to PNNL.

Sample 211051 Z11050
Total mass A solution (g) 36.4209 52.5868
g target/g A 0.01030 0.00348
PNNL split (g A solution) 23.1107 22.6838

PNNL = Pacific National Laboratory
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3.0 Radiochemical Methodology
3.1 Radiochemical Processing at PNNL

3.1.1 Sample Splitting and Spiking

The PNNL A solutions were split according to the masses shown in Table 3.1, included along
with this is the percent of the PNNL A solutions, the mass of U in these fractions, and the
number of fissions relative to thermal °**Mo. Table 3.2 shows the tracer additions for the stable
and radioactive yield tracers used. Due to the number of fissions in these samples, it was
determined that it would be better if the samples were split into thirds to provide enough activity
for adequate statistics on the various fission products in each PNNL A solution or separated
fraction. The chemistry replicates moved on to the separations discussed below in detail, while
the whole solution gamma energy analysis (GEA) was rotated among several detectors for
analysis.

Table 3.1. PNNL A solution splits.

DU Target (Z11051)

Mass of A solution Percent of Mass of U* Fissions

(9) A solution (mg) Thermal **Mo*
Whole Solution GEA 7.4190 31.5% 0.075 2.00 x 10" +1.7%
Chemistry Rep 1 8.0593 34.3% 0.082 217 x 10" +£1.7%
Chemistry Rep 2 8.0759 34.2% 0.081 217 x 10" £1.7%

HEU Target (Z11050)

Mass of A solution  Percent of Mass of U* Fissions

(9) A solution (mg) Thermal **Mo*
Whole Solution GEA 7.5214 32.5% 0.026 4.61x10" £1.6%
Chemistry Rep 1 7.7913 33.7% 0.027 4.78 x 10" + 1.6%
Chemistry Rep 2 7.7964 33.7% 0.027 478 x 10" £ 1.6%

*Based on PNNL GEA analysis of A solution
DU = depleted uranium; GEA = gamma energy analysis; HEU = highly enriched uranium

Table 3.2.  Tracer spiking for Z11051 and Z11050 for the tracers 22’Np, 1"°mAg, °°Cd, **Cs,
152Ey and stable tracers Sm, Eu, Tb, Y, and Sr. These quantities were also
included in the tracer blank.

Target HEU DU
Z# Z11050 Z11051
Z7Np (Bq) 370 370
110mAg (Bq) 370 370
Gamma:'°Cd (Bq) 3700 3700
134Cs,"2Eu (Bq) 370 370
CC1: Sm,Eu, Tb (ug) 100 100
Sr (ug) 50 50
Y (pg) 150 150
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3.1.2 Analysis of A Solution

The aliquot labeled “Whole Solution GEA” in Table 3.1 for Z11051 and Z11050 was analyzed by
GEA to quantify the peak yield fission products. These samples were in a calibrated geometry
consisting of a 10 mL solution volume within a 20 mL poly scintillation vial. The GEA results
were decay-corrected to the end of bombardment. Each of the A solutions was analyzed
multiple times, on multiple detectors; dates of these analyses are included in Table 3.3. The
short 30-minute screening count was included in the analysis with little difference in the counting
statistics or detected analytes when excluding the initial screen count. The count used for each
analyte is included in Table 3.4.

All analytes determined from GEA counts were the result of at least two individual counts. The
use of Compton suppression GEA was not possible for this exercise. This was due to an effort
to increase the number of fissions in the replicate samples processed through chemistry. A
single A solution sample was provided for both the GEA and Compton suppression analysis.
This A solution sample was just above the activity suitable for the analysis methods. Therefore,
the results are not reported; but the historical results are included in Section 6.0.

Table 3.3. Dates for each GEA of A solutions for samples Z11050 and Z11051.

Count Z11051 211050
1 4/20/21* 4/20/21*
2 4/20/21 4/20/21
3 4/21/21 4/21/21
4 4/23/21 4/23/21
5 4/24/21 4/24/21
6 4/25/21 4/25/21
7 4/29/21 4/29/21
8 5/5/21 5/5/21
9 5/11/21 5/11/21

*Short 30-minute screening count

Table 3.4. PNNL A solution GEA used to quantify applicable radionuclides. Values
correspond to the count numbers in Table 3.3.

Isotope 211051  Z11050 Isotope  Z11051  Z11050
9gr  N/A N/A 197Cs 5-9 8-9
o1y 5,8,9 7-9 140Bg 2-9 1-9
957¢ 1-9 19 “1Ce 1-9 1-9
977¢ 1-4 1-3 “3Ce 1-6 1-7
®Mo 37 18 “4Ce 4-9 7-9

1WRY 29 1-9 NG 1,3589 19
"Ag 7,8 2,6,9 156y 5,7-9 N/A
112Ag  N/A 2 235 5-8 3-9
15cd  2-4 1-4 237 1-6,8,9 2.4-6,8
12Te 24,9 1-9 238 3,9 N/A
1%Cs  N/A 2-7 29Np 1-6,8,9 1-6,9
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3.2 Radiochemical Separations

3.21 Separation Chemistry Methodology and Discussion

Separation chemistry was similar to previous campaigns with some notable changes, most
similar to the methods presented in Uhnak et al. (2021b). Due to the mass of the targets,
deliberation of the starting chemistry was necessary. The mass of the DU target was close to
exceeding the method developed in previous campaigns using two UTEVA resin cartridges, but
the mass of the HEU target was below what would necessitate a 25 mL UTEVA column. To
simplify reagent preparation and maintain a “apples-to-apples” comparison the 25 mL UTEVA
column was used for both targets. The full chemistry separation scheme is shown in Figure 3.1.

M’A”
Solution

| |

UTEVA
(25 mL column)

TRU
(2 mL column)

SR
(2 mL column)
DGA

Sr (2 mL column)

Ag/Np v AgCl ppt |dumm
Separation
|

Np/Te

UTEVA Separation w/ Dry
downs

Load / Rinse: Ce
Cs/Cd PPT Separation

Vacuum Box
LN Separation

Dl

Figure 3.1. Radiochemical processing scheme at PNNL for dissolved A solutions of irradiated
U target in FY 2021, process used for both DU and HEU targets.

The chemistry used downstream from the initial separation was identical to previous campaigns
from FY 2020, except for the use of a vacuum box separation for the rare earth fission products
(Sm, Eu, Tb, and Y), and the several small changes described below along with the results of
these changes. This process was developed by collaborators in the United Kingdom at the
Atomic Weapons Establishment and is being optimized under another project.

¢ U elution was accomplished with 100 mL 0.1 M HEDTA, 0.25 M ammonium citrate.

— U fraction was screened for the presence of radiotellurium by GEA to determine if a
spontaneous deposition on Ag discs was necessary to remove the Te.

— It was determined in other but similar work that the presence of Ag causes issues with
the analysis of U by kinetic phosphoresce analysis (KPA).
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— The U fraction was clean of all other radioisotopes.
— The Te found was in a separated fraction alone.
— A separate Mo fraction was also isolated without contamination.

e Ce isolation was not accomplished as planned due to the date of preparation of the NaBrO;
reagent. The oxidative ability of the reagent was not sufficient to oxidize the Ce.

— The Ce data reported below in Section 5.0 are from the load and rinse fraction coming
off of the DGA resin column. In future efforts the NaBrO; will be made within hours of the
Ce separation.

e The rare earth separation was accomplished using Eichrom LN resin cartridges attached to
a vacuum box. The elution conditions are shown in Table 3.5.

Table 3.5.  Elution conditions for the separation of rare earth fission products on vacuum box.

Fraction Number Eluent (HNO;) Volume (mL) Predicted Fractions
0.1 (load) 1
0.1 4 X 1 mL rinses
2 0.3 35 Nd/Am
3 0.3 35 Sm
4 0.3 10 Waste (Sm/Eu)
5 0.75 10 Eu
6 0.75 10 Waste (Eu)
7 2 10 Tb
8 4 15 Y

e Each of the fractions including those expected to be waste fractions were analyzed by GEA
to determine the level of contamination in each fraction. The level of contamination can be
seen in Figure 3.2. The HEU target was selected for this comparison, as this was less pure
than the DU target. Percent yields used in this figure were calculated relative to the initial
atoms/g determined in the A solution (where applicable).

— Fraction 1 contains the lightest lanthanides and Ba.

— Fraction 2 contains the Nd and the Pm, with a small quantity of “°La present. This is
also expected to contain Am when present.

— Fraction 3 contains a highly pure Sm fraction. This is of particular importance as the
detection of '*3Sm requires high purity due to the gamma emission energy and
branching ratio.

— Fractions 4 and 6 are “waste” fractions, intended to provide a buffer between the elution
conditions used for Sm and Eu, thus decreasing the potential for cross contamination
among the Sm, Eu, and Tb fractions.

— Fraction 7, the Tb fraction contained only "®'Tb. This is not surprising as this fraction
goes through another supplemental cleanup column, though the recovery of Tb was
about 100%.

— Fraction 8, the Y fraction, contained all Y as well as a small quantity of the residual
lanthanides, like Eu and Tb.
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Figure 3.2. Relative percent yield of each lanthanide fraction collected found in the HEU
target.

Using this method for the lanthanide fission product separation decreased the time frame
required to isolate the Sm, Eu, Tb, and Y fractions by more than twofold, relative to the method
used in FY 2020 (Uhnak et al. 2021b).

3.2.2 Analysis of Separated Fractions

All analysis was conducted on both replicates from both the Z11051 and Z11050 A solutions
along with the tracer and reagent blanks. Separated fractions and A solution aliquots were
analyzed by GEA using calibrated geometry (i.e., 10 mL in a 20 mL poly vial). Data from GEA
were processed using Genie 2000 software (Canberra Industries 2006). The Cs fractions were
analyzed using 100 mL of solution in either a 150 mL or 250 mL high-density polyethylene
bottle. Strontium was analyzed using thermal ionization mass spectrometry (TIMS). Terbium
was analyzed by low energy photon spectroscopy (LEPS). Uranium concentration was
determined using both GEA, as well as KPA. The KPA was a Chemchek Model 11 using
KPAwin version 1.2.9.

Corrections for yield determination following the separations were made for the radiotracers of
109Cd, "9mAg, 134Cs, and '®?Eu using analysis by GEA. Stable tracers (Sr, Sm, Eu, Tb, and Y)
were made for the analysis by inductively coupled plasma optical emission spectroscopy
(ICP-OES). Separated U fractions were analyzed by GEA and KPA. Strontium was analyzed by
TIMS, with the yield determined using inductively coupled plasma optical emission spectroscopy
(ICP-OES)—used for determination of the efficacy of the chemical separation.

Yttrium was analyzed by both ICP-OES as well as inductively coupled plasma mass
spectrometry (ICP-MS). Presence of Y in the reagent blank indicated an unaccounted-for
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source of Y in the chemistry at levels about 12% of the Y tracer concentration. The data were
background-corrected to account for this issue and will be further investigated to determine the
source.
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4.0 R-value Calculation

The analytical results were used to calculate the R-value for each fission product; the method
for calculating the R-value is shown in Error! Reference source not found.. PNNL has a
running historical r-value (riist) for each isotope, based on the results from the last five thermal
calibration (t-cal) exercises where available. A t-cal exercise involves the thermal irradiation of
235U followed by separation and radiometric analysis. The historical r-value replaces the
Evaluated Nuclear Data File (ENDF)/B-VIII.0 cumulative fission yield (CFY) in the R-value
calculation. The historical r-values used in the R-value calculation are shown in Table 4.1. A few
isotopes including °'Sr, %3Y, 1"2Ag, and 'Sm are not measured in t-cal solutions and do not
have rst values; in these cases, the applicable ENDF/B-VIII.0 CFY values have been used.

( Nx ) ( Nx ) ( Nx )

— NM099/ Measured  _ NMo099/ Measured _ \VM099/ Megsured

R = - - Eq.1
( Ny ( CFYy ) Thist .
NMo099/ y235 Thermal CFYM099/ 235 Thermal

Where
Nx = atoms of isotope X per gram of A solution

Nwmoge = atoms of ®*Mo per gram of A solution

CFYx = cumulative fission yield for isotope X for 22°U thermal fission
CFYwmoe9 = cumulative fission yield for ®*Mo for 22°U thermal fission
st = historical r-value as determined in Eq. 2

_ (_Nx
Thist = (NM099)t—cal Eq.2
Where
Nx = atoms of isotope X per gram of A solution in a t-cal sample

Nwmoge = atoms of ®*Mo per gram of A solution in a t-cal sample
t-cal = thermal calibration exercise sample

Table 4.1. PNNL historical r-values.

Isotope Fhist Isotope Thist
89Sr 0.793 136Cs 9.67 x 10*
NSr N/A 87Cs 1.05
Yy 0.939 140Bg 1.05
By N/A 41Ce 0.971
95Zr 1.09 143Ce 0.994
97Zr 1.05 144Ce 0.910

103Ru 0.504 147Nd 0.365
"Ag 2.80 x 103 153Sm 2.22 x 102
2Ag N/A 156Sm N/A
15Ca* 2.21 x 103 15%Ey 5.37 x 1073
115mCd 7.90 x 10° 156EY 2.44 x 1073
1%2Te 0.719 $1Tb 1.29 x 10
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Isotope Fhist Isotope Thist

"Recent work on ''5Cd, for another project, revealed errors in software that have been fixed, which
consequently adjusted the '%°Cd analysis.

10



5.0 Summary of FY 2021 Results

A summary of the FY 2021 results has been compiled for the A solutions including U
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concentration, masses, fissions, results with comparisons to ENDF/B-VII.I (Chadwick et al.
2011) and with historical data from FY 2013, FY 2014, FY 2015, FY 2017, and FY 2018 for both
DU and HEU. The results from the analysis of separated fractions for the FY 2021 irradiation
are included in Table 5.1 and Table 5.2, for Z11051 and Z11050 respectively. Table 5.3
contains the data for the short-lived actinides for both Z11051 and Z11050. The ENDF R-values
have been calculated using the ENDF/B-VII.I CFY for 23°U thermal, 23°U fission spectrum, and
238 fission spectrum. A more detailed discussion of individual analytes with comparisons with

prior measurements is presented in Section 0.

Table 5.1.

Isotope

89sr
91Sr

91Y

93y

9zr
97Zr
%Mo

103Ry

111Ag

112Ag

Results for analysis of a DU (Z11051) A solution and separated fractions from the
FY 2021 fission spectrum irradiation (R + 10%) compared to ENDF values.
Results include atoms/g, R values, ENDF R, Chemical yields, and analysis
methods. Values in bold and italics are the atoms/g for the mass of the initial target
prepared by LANL.

Atoms/g A
(Atoms/g target)

7.13 x 108 + 0.9%
(7.13 x 10" % 0.9%)
N/A
1.03 x 109 + 44.9%
(1.03 x 10"" £ 44.9%)
8.77 x 108 £ 5.42%
(8.77 x 10" £ 5.42%)
9.01 x 108 + 4.32%
(9.01 x 10° £ 4.32%)

N/A

1.36 x 10° + 2.00%
(1.36 x 10" + 2.00%)
1.57 x 10° + 2.66%
(1.57 x 10" + 2.66%)
1.66 x 1092 2.00%
(1.66 x 10" + 2.00%)
1.60 x 109 £ 2.27%
(1.60 x 10" + 2.27%)
2.29 x 107 + 20.4%
(2.29 x 10°+ 20.4%)
1.84 x 107 £ 3.30%
(1.84 x 10° + 3.30%)
N/A
9.89 x 10 + 28.7%
(9.89 x 108 + 28.7%)

R
DU

0.555 +2.77%

N/A
0.621 + 44.9%

0.563 + 5.53%

0.578 + 4.46%
N/A

0.753 + 2.83%

0.901 + 3.33%

N/A

1.92 £ 3.02%

4.93 + 20.5%

3.95 + 3.85%
N/A
2.70 £ 28.7%

115Cd

1.11 x 107 £ 2.44%
(1.11 x 10° + 2.44%)

3.03 £4.03%

R
ENDF - 28U Fission
Spectrum

0.578 + 2.62%
0.686+ 2.99%

0.686 + 90.5%

0.764 + 90.5%
0.783 + 2.80%

0.921 £ 3.14%
N/A
2.05+2.80%
4.05 + 4.89%

4.25 + 7.48%

2.95 +6.63%

Chemical Yield

o Method
Separated
0,
96.0% Fraction (TIMS)
N/A N/A
A Solution
N/A (GEA)
Separated
90.0% Fraction(OES)*
. Separated
97.1% Fraction(MS)*
N/A N/A
A Solution
N/A (GEA)
A Solution
N/A (GEA)
A Solution
N/A (GEA)
A Solution
N/A (GEA)
A Solution
N/A (GEA)
65 39 Separated
.07 Fraction
N/A N/A
A Solution
N/A (GEA)
82.0% Separated

Fraction (GEA)

11
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Table 5.1. (contd.)
R o
Atoms/g A R 238y Ficei Chemical Yield
Isotope (Atoms/g target) DU ENDFSpec:::nlfswn (%) Method
6 (o)
118mc (;_'3;,);11%31;?;22'_3% 8.17 + 38.5% 3.07 £ 8.71%% 82.0% Frfceti’:;r"’(‘gg A)
1.36 x10°+ 2.74% A Solution
132 0, )
Te  i36x 101t 74  114340% 1.18 + 2.80% N/A (GEA)
N/A N/A N/A A (Sgl';ﬁ')o”
136 9
Cs 1.44 x 105+ 13.1% 0.09 £ 13.5% 0172 +90.5% 96.9% Separated
(1.44 x 107 + 13.1%) U9 E 13,97 =70 Fraction (GEA)
9 0, .
116611 X ;g,,*fgfgf’ 0.923 + 7.08% N/A & ch"E‘ji'O”
gy | (1:61x 10" 26.79%) 0.969 + 2.27% (GEA)
1.50 x 10° + 3.66% 0.859 + 4.62% : - 96.9% Separated
(1.50 x 10" £ 3.66%) OUY =R o0 Fraction (GEA)
9 o, .
14084 (115577 ;‘;3,,1122'_5533&) 0.901 + 3.32% 0.927 + 2.33% N/A A (Sg’l'z‘j\t')o”
9 0, .
“1Ce (113333 . ;3111133;?399% 0.823 + 3.94% 0.904 + 3.57% N/A A (SC;’I'ELK)O”
9 0, .
143Ce (11"22:;‘;3,,*;’3;?899% 0.750 + 4.37% 0.769 + 2.80% N/A A (ch"E‘j\t'f”
1.09 x 10° £ 8.49% . A Solution
e (109X 107 %5.49% 0.722 £ 8.72% o102 2.5 N/A (GEA)
1.20 x 10° + 4.10% e s SIS emen 88.5% Separated
(1.20 x 10" + 4.10%) Y9 =S 100 e Fraction
8 0, .
17N (2'77‘;3;‘;3101228855% 112 + 3.48% 1.14 £ 2.80% N/A A (Sc?llzlf)on
8.42 x107 £ 3.01% Separated
=5m | s 10 £ 3.0150) 2.29 £ 3.62% 2.60 + 4.89% 84.2% R
4,19 x10” £ 8.49% Separated
s (419 x 10°+ 8.49%)  +70%8.72% 93.1% Fraction (GEA)
Eu 108 X107 £ 847 4.36 + 16.6%
08 x 10" + 8.47% 4.58 +9.62% 95.7% Separated
(4.08 x 10° + 8.47%) T ) Fraction (OES)
1.64 x 107 + 12.3% A Solution
(1.64x 109+ 12.3%)  +08+125% bl (GEA)
1.81 x 107 £ 5.08% Separated
PBU g e1x 109t 5.08%)  +48%546% SHUAESCRE D D Fraction (GEA)
1.76 x 107 + 5.08% o o Separated
(1.76 x10°+ 5.08%) 30 %546% ST Fraction (OES)
2.45 x 10° + 5.22% Separated
161 + ° + o ot p
To o anx 107 % 5.22%) 11.5 + 5.59% 141 £5.27% 101% Ao

12
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Atoms/g A . . o
Isotope (Atoms/qg target) Chemical Yield (%) Method
Separated
o,
u N/A 57.2% Fraction (KPA)
Separated
235 3.29x10"% + 2.80% o -
u (3.29 x 10 + 2.80%) 57.7% FractlggsL(JC)SEA of
237 1.28 x 10° + 3.30% o Separated
u (1.28 x 10" £ 3.30%) 57.7% Fraction
2N 1.50 x 10" + 5.69% 81.5% Separated

(1.50 x 10™ * 5.69%)

Fraction (GEA)

* Chemical yielding issues present; T Likely requires updates to nuclear data; T Has + 2.5% uncertainty in the yield

DU = depleted uranium; ENDF = Evaluated Nuclear Data File; GEA = gamma energy analysis; KPA = kinetic
phosphoresce analysis; MS = mass spectrometer; N/A = not applicable, OES = optical emission spectroscopy; TIMS =
thermal ionization mass spectrometry

Table 5.2.  Results for the analysis of an HEU (Z11050) A solution, from the FY 2021 fission
spectrum irradiation (R £ 10%) compared to ENDF values. Results include
atoms/g, R values, ENDF R, Chemical yields, and analysis methods. Values in
bold and italics are the atoms/g for the mass of the initial target prepared by LANL.

R
Atoms/g A R ENDF - 235y Chemical
Isotope (Atoms/g targeft) HEU Fission Yield (%) Method
Spectrum
Separated
2.55 x 10° + 0.89% ;
89Sy 11 o 0.902+ 2.87% 0.950 + 2.62% 92.8% Fraction
(7.28 x 10" £0.9%) (TIMS)
91Sr N/A N/A 1.01 £2.99% N/A N/A
3.06 x 10° + 12.2% 0.839 + 12.4% N/A A Solution
(8.73 x 10"+ 12.2%) (GEA)
9 0,
oy DAB D o A8 0.931 + 5.83% 1.01+905%  552% Separated
(9.10 x 10"“ £ 5.43%) Fraction(OES)
3.27 x10° £ 4.25% o o Separated
(9.34 x 102 £ 4.25%) 0897 +4.25% 591%  Fraction(MS)*
sy N/A N/A 1.01 £90.5% N/A N/A
9 0, i
o7y | 3-79x10°%2.00% 0.954 + 2.91% 1.02 +2.62% N/A Sz
(1.08 x 10" £ 2.00%) (GEA)
9 0, H
7z (ffj;‘ ] 3,2*,{22'3;%% 0.949 + 3.13% 1.03 +3.14% N/A A %’I'E“At\'f”
3.64 x 10°+ 2.12% A Solution
"Moo x 102 % 2.12%) A N e (GEA)
9 0, H
103Ry (51 '265: J 3,,*,{22'%%% 1.06 +2.91% 1.10 +2.80% N/A A (SG‘°|'E“:)°”
2.82 x 107 + 13.8% A Solution
pg  (B.04Xx10°% 12.8%)  276+13.95% 251 55279 N (GEA)
9 2.77 x 10" + 3.30% 2 71 + 4.40% Ol Eeen® 89.79% Separated
(7.90 x 10° % 3.30%) LA e Fraction

13



Table 5.2. (contd.)
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R
Atoms/g A R ENDF - 235y Chemical
oms/qg targe ISSIOn e ()
Isotope (At Ja t ) HEU Fissi Yield (% Method
Spectrum
12pg N/A N/A 2.97 +6.91% N/A A fé’l'z‘f)o”
1.98 x 107 + 4.97% 246 54000 A A Solution
9 0 . X d 0
vecq (567 x10°£497%) 276 1 6.91% (GEA)
ST ssereom N
.05 x +2. T ’ raction
(9 06 x 10% + 27 5°/: Separated
MG e 100 £ 37 9%) 3.15 + 33.9% 286£23.85%¢  758% [ SPaeCd
» — - 0,
9 0, H
1327 (8253:;‘ 113,,?2'9’311% 1.08 +3.13% 112 +3.14% N/A A (S(;’I'E‘ji')o”
8.44 x 108 £+ 5.57% A Solution
2.40 + 5.96% N/A
9
ngs | (241x10°£5.57% 218 £ 90.5% (GEA)
7.65x109¢ 2.00‘yA> 217 +3.84% 94.3% SFeparated
2.19 x 10°+ 2.00 T ’ raction
(3.87 x10° + 3.26°/Z) 1.01 +3.89% N/A A Solution
12 SRS
wgs (110X 107 £ 3.26%) 103 4 2.10% (GEA)
3.78 x 10° £ 2.00% 0.988 + 3.34% 94 3% Separated
1.08 x 102 + 2.00% R ' Fraction (GEA
(3 55 x 10° + 2 00%0) A Solu(tion )
WBa o oreaoomy | O-927+291% 0.989 + 2.43% N/A OEA
. -— s 0,
9 0, -
1Ce (g’;‘; X 113,,’-;66%55% 0.963 + 6.98% 1.05 + 3.57% N/A A %’é‘ﬁ')"”
9 0 :
“3Ce (3-32)’; ;31555'88%0//2) 0.904 + 6.23% 0.989 + 2.80% N/A A (S(;’I'E‘ji')o”
9 0 i
(83'5%0;‘ o 111120//‘; ) 0.906+ 11.4% N/A A %"E‘ﬁ')"”
g (8 ikl e 0.985 + 2.52%
(3 '23 X;gﬁ?,'%ﬁ}) 0.902 + 7.72% 89.6% S,fpaf‘“ed
- X /. raction
1.27 x10°+2 23%‘J A Solution
WINd e wton ss0amy | 0-962%3.07% 1.14 +2.80% N/A OEA)
7 0,
153§m (;3'59’? X ;3,&%%%% 111 +5.57% 127 +647%  83.0% SCIEE
N/A N/A N/A A %’I'E‘ji')o”
7 0,
MEU  eexiosdoewy 157 £604% 140£489%  858% [ oPARCd
1.35x 10" £ 4.65% o o Separated
(3.85 x 10° + 4.65%) 152 50119 87.9%  Fraction (OES)
161 1.93 x 10° £ 4.44% Separated
T 107t o 411 +4.92% 401+748%  80.5% cparate

14
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Table 5.2. (contd.) |
Atoms/g A . . o
Isotope (Atoms/g target) Chemical Yield (%) Method
Separated
0,
v N/A 90.4% Fraction (KPA)
235 7.43 x10" £1.20% 86.7% Separated
(2.12 x 10%° £ 1.20%) ' Fraction (GEA)
237 4.50 x 107 +2.87% 90.4% Separated
(1.29 x 10 + 2.87%) ' Fraction (KPA)
237 4.48 x 107 £ 2.80% 86.7% Separated
(1.28 x 10" + 2.80%) ' Fraction (GEA)
29Np 2.53 x 108 £ 3.30% 90.9% Separated

(7.22 x 10° * 3.30%)

Fraction (GEA)

* Chemical yielding issues present; } Likely requires updates to nuclear data
ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium; GEA = gamma energy analysis;
KPA = kinetic phosphoresce analysis; MS = mass spectrometer; N/A = not applicable, OES = optical

emission spectroscopy; TIMS = thermal ionization mass spectrometry.

Table 5.3.  Atoms per fission of 2”U and 2**Np in DU (Z11051) and HEU (Z11050) A solution
for the FY 2021 irradiation (N/f £ 16%).
Isotope Measurement Method
=1y 4.71x102+4.11% Sep Fraction (GEA)
2 1[1)85 . 289N 0.553 + 5.69% Sep Fraction (GEA)
27UANp 8.51 x 102+ 7.02%
=1y 4.48 x 10* +3.78% Sep Fraction (GEA)
(z1H1EoLé0) 29N 4.24 x 103+ 4.10% Sep Fraction (GEA)
237Y/239Np 0.177+ 5.58%

DU = depleted uranium; GEA = gamma energy analysis; HEU = highly enriched uranium

The chemical yields associated with measurement of the separated fractions of the DU and
HEU A solutions are presented in Table 5.4. Aspects of processing that may have affected
chemical yields for individual analytes are further discussed in Section 0 where results for each
analyte are presented in detail.

15
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Table 5.4. Summary of chemical yields following chemical separations for the in FY 2021
(Percent Yield £ %RSD).

DU HEU
Isotope Perc;)r;SYEl)eld * Percent Yield * %RSD Yield Method (Tracer)
89Sr 96.0 92.8 ICP-OES (Stable Sr)
Y 90-97.1 55.2-59.1 ICP-OES/ICP-MS (Stable Y)
MAg 85.3 89.7 GEA ("°mAQ)
15Cd 82 75.8 GEA ('°°Cd)
1smCd 82 75.8 GEA ('°Cd)
1%6Cs 96.9 94.3 GEA (3*Cs)
7Cs 96.9 94.3 GEA ("3Cs)
144Ce 88.8 89.6 GEA ('*Ce in whole A solution)
1%38m 84.2 83 ICP-OES (Stable Sm)
1%6Ey 93.1 85.8 GEA ("2Eu)
$1Tb 101 90.5 ICP-OES (Stable Tb)
u 57.2 90.4 KPA
2Np 81.5 90.9 GEA (#"Np)

DU = depleted uranium; GEA = gamma energy analysis; HEU = highly enriched uranium; ICP-MS =
inductively coupled plasma mass spectrometry; ICP-OES = inductively coupled plasma optical emission
spectroscopy; KPA = kinetic phosphoresce analysis; RSD = relative standard deviation

16
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6.0 Comparison of FY 2021 Results to Historical Campaigns
and Literature Values

The results from the determination of R-values are included below in this section; the FY 2021
results are compared to previous irradiations in FY 2013, FY 2014, FY 2015, FY 2017, and

FY 2018 where possible. The results are both plotted and tabulated, allowing for better
comparisons of the historical data. The historical data include results that were not reported.
These values are for comparison of techniques, previous reports should be examined for further
detail on the reported data. Multiple data bases are used in this comparison, including the ENDF
database from England and Rider (1994), the JEFF database from the JEFF Report 22
(Santamarina et al. 2009), and the JENDL database from Shibata et al. (2011).

6.1 Strontium-89

Historically, 89Sr was analyzed by liquid scintillation counting (LSC), but recently the TIMS
technique has improved to the point where it is being used as the primary method for the
analysis of 8Sr. The data from TIMS comes with the lowest uncertainty of any technique used in
the radiochemical analysis of fission products. The results correlate very well among the years
as well as with the literature R-value (see Figure 6.1 and Table 6.1).

DU HEU
1-m T T T T T T 1-5) T T T T T T T
LsC LsC
< TIMS <4 TIMS
v ENDF28Fiss A ENDF25 Fiss
0.75 - - 1.25 -
3 a v 3
U U
in 050 & 1.00
(14 (4 4 4
0.25 - . 0.75 -
0.00 T T T T T T T 0.50 T T
] ] ] 2 & ] a8 ] EH ] ] EH | EH
e 3 e = @ F B e ¥ ® = @ I g
k k ik k k o z i k i kc i kc z

Figure 6.1. Strontium-89 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R + 10).
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Table 6.1.  Strontium-89 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10%).
DU

FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF

RC-TIMS | N/A N/A N/A N/A N/A 0.555 +
2.77%

RC-LSC 0.557 + N/A 0.552 + 0.554 + N/A N/A 0.578 £

7.22% 4.96% 6.04% 2.62%
RC-GEA N/A 0.722 £ 0.611 N/A 0.495 + N/A

18.56% 7.66% 5.65%
HEU

FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF

RC-TIMS | N/A N/A N/A N/A N/A 0.902+
2.87%

RC-LSC 0.968 + 0.959 + 0.938 + 0.966 + N/A N/A 0.950 +

7.22% 6.02% 4.73% 6.04% 2.62%
RC-GEA N/A N/A 0.984 + N/A 0.893 N/A

6.91% 5.54%

DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium; N/A =
not applicable; RC-GEA = rad chem gamma energy analysis; RC-LSC = rad chem liquid scintillation
counting; RC-TIMS = rad chem thermal ionization mass spectrometry

6.2 Yttrium-91

Yttrium-91 is analyzed at multiple locations in the radiochemical analysis scheme; it is analyzed
by GEA in the A solution, a separated fraction yielding by an inductively coupled plasma (ICP)
technique, and in a Compton suppressed sample. The measured R-value results are shown in
Figure 6.2 and Table 6.2. As noted above in Section 3.2.2, a potential chemical yielding issue
was found in yttrium analysis by ICP-OES or ICP-MS. An alternative separation method was
used for the lanthanide fission product separation, with the aim of drastically decreasing overall
separation time. As a consequence of using this procedure, the mass stable yttrium tracer
added was decreased significantly, revealing a source of yttrium that was otherwise
unaccounted for in previous efforts due to the higher yttrium concentrations. Historical
correlation is excellent with low uncertainty, which could be used to produce an improvement of
the literature value.

An absolute fission yield can be calculated using Eq.3 to provide an improved value for the
thermal fission yield, a similar treatment will be applied to '*Cs. Where the atoms/g are the
atoms detected of °'Y per gram of the A solution, and fission/g are the number of fissions per
gram in the A solution. An example of both the absolute and relative cumulative fission yields
are included in Appendix A.2

CFy = Atoms/g X Eq.3

Fissions/g

A comparison can be made between a fission yield obtained from the absolute fission yields and
the relative CFY calculated through the rearrangement of Error! Reference source not found.
using the CFY for a given isotope rather than the detected number of atoms. It should be noted
that the absolute fission yield is detector specific, great effort is taken to ensure that all detectors
are calibrated to the same sources to minimize or correct these potential differences. In the
case of °'Ycounts obtained from the A solution, there are no detector differences, while there
are some differences in a separated fraction.
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The calculated absolute fission yield was calculated using Error! Reference source not found.
using data obtained from Seiner et al. (2020) , as an average of the multiple replicates from data
analyzed from GEA by multiple separation methods. A value of 0.0521 + 6.8% was calculated.
Using this value in Error! Reference source not found., a relative CFY can be calculated for
both DU and HEU. Both relative and absolute fission yields are included in Table 6.3. The
values for DU have significant uncertainties due to the uncertainty associated with the A solution
analysis, but are within reason to the ENDF value. The values obtained for the HEU also have a
significant uncertainty, but are well below that presented in the ENDF value (e.g., 12.5%
compared to 64%). The relative CFY is significantly lower than the ENDF value as well as the
absolute value. This is due to the low R-value obtained from the FY 2021 analysis. The lack of

agreement highlights the need to continue these measurements to make sure better nuclear
data can be produced for all isotopes.
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Figure 6.2. Yittrium-91 R-values for DU sample irradiated on the Flattop critical assembly
compared to previous R-value campaigns and ENDF (R £ 10). The R-Values for
HEU and DU are separated by a dashed line and are labeled as either HEU or DU.

Propagation of uncertainty does not include the high uncertainty in the CFY for
yttrium-91.
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Table 6.2.  Yttrium-91 R-values for DU and HEU sampiles irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R = 16%).
Propagation of uncertainty does not include the high uncertainty in the CFY for

yttrium-91.
DU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution* | N/A 719 £ 597 + 0.63 £ 0.611 ¢+ 0.621 + 0.686 +
2.00% 8.57% 5.79% 2.95% 44 .9%* 90.5%
RC-OES N/A N/A N/A 0.622 + 0.581 % 0.563
7.40% 6.12% 5.53%
RC-MS N/A N/A N/A N/A N/A 0.578 =
4.46%
Compton N/A N/A N/A 0.60 N/A N/A
Suppression 5.77%
HEU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution* | N/A 0.95+ 0.95+ 0.78 + 0.931+ 0.839 +
19.25% 19.25% 6.75% 4.25% 12.4%*
RC-OES N/A N/A N/A 0.876 £ 0.893 0.931 +
8.07% 5.54% 5.83% 1.01 %
RC-MS N/A N/A N/A N/A N/A 0.897 + 90.5%
4.25%
Compton N/A N/A N/A 0.92 + 0.964 + N/A
Suppression 4.46% 6.25%
A Solution* | N/A 0.95 + 0.95 + 0.78 £ 0.931 + 0.839 +
19.25% 19.25% 6.75% 4.25% 12.4%*
*Due to contamination of stable Y, only the A solution value should be considered reliable.
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium; N/A =
not applicable; RC-MS = rad chem mass spectrometry; RC-OES = rad chem optical emission
spectroscopy

Table 6.3. Relative and Absolute CFY for °'Y .Values were obtained only for FY 2021 data,
uncertainties are the propagated from the individual uncertainties. A solution
values are used, due to the contamination of stable Y in the OES and MS

samples.
FY 2021 A solution FY 2021 A solution ENDF
Relative Absolute
DU 0.0327 +46% 0.0379 +45% 0.0404 +64%
HEU 0.0425 + 14.2% 0.0513 +12.4% 0.0573 + 64%
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium

6.3 Zirconium-95

Zirconium-95 is analyzed by GEA in the A solution. The results of the Flattop campaigns are
shown in Figure 6.3 and Table 6.4. Historical correlation is excellent, providing data that agree
with the literature value with similar uncertainty.
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Figure 6.3. Zirconium-95 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10).
Table 6.4.  Zirconium-95 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R + 10%).
DU
FY 2013 | FY 2014 | FY2015 | FY 2017 | FY 2018 | FY 2021 | ENDF
A Solution 0.77 £ 0.76 + 0.796 0.76 = 0.752 + 0.753+ | 0.783 %
2.80% 2.67% 4.26% 3.61% 4.24% 2.83% 2.80%
HEU
FY 2013 | FY 2014 | FY 2015 | FY 2017 | FY 2018 | FY 2021 | ENDF
A Solution 1.00 + 0.97 £ 0.986 + 0.98 = 0.982 + 0.954 1.02 +
2.79% 2.83% 2.83% 3.13% 2.66% 2.91% 2.62%
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium

6.4 Zirconium-97

Zirconium-97 is analyzed by GEA in the A solution. The results of the Flattop campaigns are

shown in Figure 6.4 and Table 6.5. Historical correlation is excellent, providing data that agree

with the literature value with similar uncertainty.
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Figure 6.4. Zirconium-97 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10).
Table 6.5.  Zirconium-97 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10%).
DU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | 0.89 0.87 + 0.915 + 0.85 + 0.845 + 0.901 0.921
3.50% 8.51% 4.05% 3.70% 4.28% 3.33% 3.14%
HEU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | 0.98 + 0.94 0.982 0.95 + 0.954 + 0.949 + 1.03 £
2.24% 3.30% 2.87% 3.52% 3.05% 3.13% 3.14%
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium

6.5 Ruthenium-103

Ruthenium-103 is analyzed by GEA in the A solution, the results from PNNL campaigns are
shown in Figure 6.5 and Table 6.6. There is excellent agreement between the campaigns for

DU targets, though the R-values produced are noticeably lower than the literature value but are

within reason, compared to each other. This may be an indication that the methods employed
by PNNL to determine this value or the nuclear data may need refinement. This is not the case

for the HEU samples, where there is some variation between campaigns, but the average of the

campaigns appears to match the literature value.
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Figure 6.5. Ruthenium-103 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10).

Table 6.6. Ruthenium-103 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10%).

DU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | 1.97 £ 1.93 + 1.95 + 1.93 + 1.93 + 1.92 + 2.05 +
2.18% 2.55% 3.53% 3.61% 3.46% 3.02% 2.80%
HEU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | 1.12 £ 1.07 + 1.11 ¢ 1.08 + 1.10 + 1.06 + 1.10 +
2.27% 2.59% 2.79% 3.77% 2.83% 2.91% 2.80%
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium

6.6 Silver-111

Silver-111 can be a challenge to detect and requires separation to analyze it properly. Results
from all campaigns are shown in Figure 6.6 and Table 6.7. In previous campaigns, the A
solution analysis was not included in the reporting due to spectral interferences, but it is of use
for the comparison to the values obtained from the separated fractions. In the case of the

FY 2021 DU (Z11050), '""Ag was detectable but had significant amount uncertainty. The

FY 2021 HEU (Z11051) A solution produced an R-value that was in excellent agreement with
the separated fraction as well as with literature, though with higher uncertainties. When
comparing the campaigns, one can see a variation in the results, particularly in FY 2015 where
the R-value produced was significantly higher. The use of Compton suppression, while using
the PNNL rys value produced R-values that are higher than the literature value.
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Figure 6.6. Silver-111 R-values for HEU and DU sampiles irradiated on Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10).

Table 6.7.  Silver-111 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10%).

DU
FY 2013 | FY 2014 | FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution N/A N/A N/A N/A N/A 493+
20.5% 4.05 +
RC-GEA 3.88 = 4.30 + 5.056 + 4.265 + 3.88 3.95¢+ 4.89%
6.07% 3.30% 4.29% 4.35% 4.91% 3.85%
Compton. N/A N/A N/A 3.621 N/A N/A
Suppression 4.47%
HEU
FY 2013 | FY 2014 | FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution N/A N/A N/A N/A N/A 2.76 £
13.95% 251+
RC-GEA 2.63 274 + 3.33 ¢ 3.004 + 270 271+ 5.27%
5.96% 3.18% 3.92% 3.17% 3.82% 4.40%
Compton. N/A N/A N/A 2.498 + 251+ N/A
Suppression 3.33% 8.47%
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium; N/A =
not applicable; RC-GEA = rad chem gamma energy analysis

6.7 Cadmium-115

Cadmium-115 is measured in a separated Cd fraction, or with the use of Compton suppression
analysis of an A solution. Each analysis is the average of multiple individual counts, with the
associated propagated uncertainty. The R-value results are shown in Figure 6.7 and Table 6.8.
The A solution analysis is included for FY 2021, calculated the ENDF fission yields, but the
value should be considered unreliable due to interferences and low fission yields. The results
are highly consistent among the campaigns with some variation that effectively averages to the
ENDF literature R-value. There appears to be a slight high bias relative to ENDF for both HEU
and DU, it is possible that the rys: requires refinement in more thermal calibration separations,
more individual counts are necessary, or could be caused by an accounted-for variable or bias.

24



PNNL-32666

DU HEU
425 4 T T T T T T T T T 4.00 T T T T T T T T T T T
m  ASoln. _ m  ASoln.
4+ ¢ RadChem ] 375 - ® RadChem |-
375 ]| ¥ ENDF28 Fiss. ] * Compt. Supp
3.50 A ENDF25 Fiss. | H

7 VUL I BT -V RN

|

o ¢ o

i 275 1 } ] 1 &azs ‘} + } ]
2.50 - ]
295 | ] 2.50 % 4
2.00 i 2.25 | 4
1.75 | i 200

FT13 284

FT14 28+

FT18 28+

FT17 268+

FT16 28-14
FT21 28+

FT21 28 rehint 4
FY21 28 ENDF 4
ENDF 28 4
FT13 264
FT14 254

FT15 26+
FT17 264
FT17 26+
FT18 26+

FT18 264

FT21 264

FT21 28 r-hist |
FY21 25 ENDF 1
ENDF 25 1

Figure 6.7. Cadmium-115 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF V.111.0 (R £ 10).

Table 6.8. Cadmium-115 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF V.II.0 (R £ 10%).

DU
FY 2013 | FY 2014 | FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution N/A N/A N/A N/A N/A 2.70 £
28.7% 295+
RC-GEA 3.88 = 4.30 + 5.06 = 3.14 295+ 3.03 6.63%
6.07% 3.30% 4.29% 5.95% 4.82% 4.03%
Compton. N/A N/A N/A N/A N/A N/A
Suppression
HEU
FY 2013 | FY 2014 | FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution N/A N/A N/A N/A N/A 2.46 +
5.40% 2.76 £
RC-GEA 2.63 2.74 + 3.33 ¢ 3.09 + 295+ 3.06 + 6.91%
5.96% 3.18% 3.92% 5.96% 4.90% 4.06%
Compton. N/A N/A N/A 3.39+ 281+ N/A
Suppression 2.85% 4.81%
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium; N/A =
not applicable; RC-GEA = rad chem gamma energy analysis

6.8 Cadmium-115m

Cadmium-115m is measured in the separated Cd fraction by GEA, results are shown in Figure
6.8 and Table 6.9. The measurement requires the separation from other fission products due to
the low branching ratios of ''®*"Cd. These ratios are also coupled with high uncertainty, about
35%. Because of this, the uncertainty in the measurements is consequently high, typically
greater than 30%. The R-value measured for DU over the multiple campaigns, had relatively
large variability, while the HEU measured R-values were biased high relative to JEFF but were
consistent. The high uncertainty in the gamma branching ratios and the inconsistencies in the
results from the campaigns, particularly with DU, emphasize the need for further investigations
into improving the individual isotope’s uncertainty.
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Figure 6.8. Cadmium-115m R-values for DU and HEU samples irradiated on the Flattop
critical assembly compared to previous R-value campaigns and JEFF-3.1.1 (R £
10).
Table 6.9. Cadmium-115m R-values for DU and HEU samples irradiated on the Flattop
critical assembly compared to previous R-value campaigns and JEFF3.1.1 (R £
10'0/0).
DU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 JEFF 3.3
RC-GEA | N/A N/A N/A 7.14 2.54 + 8.17 £ 3.07 £
30.30% 75.90% 38.5% 8.71%
HEU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 JEFF 3.3
RC-GEA | N/A N/A N/A 3.77 + 3.45+ 3.15+ 2.86 +
50.20% 52.61% 33.9% 23.85%
DU = depleted uranium; HEU = highly enriched uranium; JEFF = Joint Evaluated File for Fission and
Fusion; N/A = not applicable; RC-GEA = rad chem gamma energy analysis

6.9 Tellurium-132

Tellurium-132 is a measured only in the A-solution GEA. Through all campaigns with either DU

or HEU, all measured R-values are within reason to the ENDF literature R-value. Some
variability in the R-value exists through the campaigns, with the DU being biased low, the

FY 2013, FY 2014, and FY 2015 HEU R-values biased slightly high and the FY 2017, FY 2018,

and FY 2021 R-values being biased low relative to the ENDF value (see Figure 6.9 and Table

6.10).
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Figure 6.9. Tellurium-132 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10).

Table 6.10. Tellurium-132 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R + 16%).

DU
FY13 FY14 FY15 FY17 FY18 FY21 ENDF
A Solution | 1.09 1.11 ¢ 1.13 £ 121+ 1.14 £ 1.14 £ 1.18 +
2.04% 3.70% 4.16% 6.26% 6.58% 3.40% 2.80%
HEU
FY13 FY14 FY15 FY17 FY18 FY21 ENDF
A Solution | 1.13 £ 1.16 £ 112 £ 1.07 £ 1.08 £ 1.08 + 112
4.56% 2.89% 3.21% 5.43% 4.94% 3.13% 3.14%
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium

6.10 Cesium-136

Fission of 228U with fission spectrum neutrons, ~2 MeV, does not produce significant quantities
of 13¢Cs due to the low fission yield of the fission product. This in turn produces a low R-value,
and creates difficulty in the detection of **Cs. The uncertainty in the R-value is the result of the
high uncertainty in the fission yields. Shown in the Figure 6.10 are the results of the R-value
measurements from PNNL over the many Flattop campaigns for both DU and HEU targets.
Similarly, the results are tabulated in Table 6.11. Note that a DU target was included in each of
the campaigns including FY 2013, FY 2014, FY 2015, FY 2017, FY 2018, and FY 2021.
Cesium-136 was only detected in FY 2013, FY 2018, and FY 2021. The R-values obtained from
these measurements are lower than those included in ENDF but are highly consistent. This is
an indication that it is likely possible to obtain better statistics on the fission yields for '3¢Cs to
reflect this lower uncertainty.

Conversely the R-value results obtained from HEU in all campaigns have been nearly identical
to the ENDF value, though with significantly lower uncertainties. As was stated with the DU, the
HEU '3¢Cs fission yield uncertainty could be improved through the adoption of the PNNL data.
Though included in the plot, the A solution analysis point in FY 2021 should be taken with a
grain of salt, due to spectral interferences and will not be used in averages. However, it does
demonstrate the feasibility of an A solution detection of '**Cs. The average R-value obtained

27



PNNL-32666

from the many campaigns is 2.29 + 9.49% (propagated uncertainty). Using data obtained from
thermal irradiations could provide a large decrease in the fission yields used for this isotope.

A relative fission yield can be calculated using a revised *¢Cs yield obtained through a yearly
thermal irradiation of 22°U performed at PNNL. An absolute cumulative thermal fission yield was
calculated with data from Seiner et al. (2020). A value of 5.78 x 10° + 7.57% (0.00578%) was
obtained using, the average from the two separate chemistries and their replicate data. This
value can be compared to the ENDF V.II11.0 value of 5.53 x 10° + 64%, showing a clear
improvement to the uncertainties.

This updated value incorporates a single thermal calibration campaign, however there are many
more that could be included in the calculation, which should have a beneficial effect on the
uncertainty. Rearrangement of Error! Reference source not found. allows for the calculation
of the relative fission yield, incorporating the newly calculated thermal fission yield for **Cs and
using the available literature fission yields. A value of 1.36 x 10* + 17.8% is obtained from this
calculation, compared to the ENDF/B V.I11.0 value of 1.17 x 10* + 64%. An absolute fission yield
can be calculated similarly to that obtained for the thermal fission, though for the FY 2021 R-
value campaign. In this case a value of 1.28 x 10* + 15.9% is obtained, which is in good
agreement with the relative fission yield value. Further refinement is required for these yield
values, but this is a clear indication that the data obtained through these campaigns produce
significant improvements to the fission yields.
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Figure 6.10. Left plot shows the Cs-136 R-values for DU sample, the right plot shows the HEU
R-Values. Samples were irradiated on the Flattop critical assembly compared to
previous R-value campaigns and ENDF (R £ 10). Propagation of uncertainty does
not include the high uncertainty in the CFY for '*Cs.
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Table 6.11. Cesium-136 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R = 16%).
Propagation of uncertainty does not include the high uncertainty in the CFY for
136Cs.

DU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
RC-GEA 0.08 £ N/A N/A N/A 0.106 £ 0.09 £ 0.172 £
13.68% 2.95% 13.5% 90.5%
HEU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | N/A N/A N/A N/A N/A 240 + 218 =
5.96% 90.5%
RC-GEA | 2.20 + 213 % 249 + 2.50 + 2.26 + 217
3.43% 3.26% 4.11% 4.27% 3.96% 3.84%
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium: RC-
GEA = rad chem gamma energy analysis

6.11 Cesium-137

Cesium-137 is analyzed in the A solution, as well as a separated fraction, and it can also be
measured with the use of Compton suppression. Though it is not typically reported, the A
solution "¥’Cs is included as a comparison in the HEU plot, this value should be viewed as a
lower-quality result due to spectral interferences. The R-values measured in all Flattop
irradiation campaigns are shown in Figure 6.11 and Table 6.12. The measured R-values are
consistent between the Flattop campaigns with some variation. Improvement to the separation
and analysis is evident as the general trend in the results are narrowing in on the ENDF
literature R-value. Separated fractions from radiochemistry, as well as the A solution analysis
are an average of multiple individual counts, with associated propagated uncertainty.
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Figure 6.11. Cesium-137 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10).
Table 6.12. Cesium-137 R-values for DU and HEU samples irradiated on the Flattop critical

assembly compared to previous R-value campaigns and ENDF (R £ 10%).

DU |
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FY 2013 | FY 2014 | FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution N/A 1.04 = N/A 1.04 1.02 = 0.923 +
5.73% 4.05% 3.34% 7.08%
RC-GEA 1.03 £ 0.947 0.97 £ 1.07 £ 0.951 + 0.859 + 0.969 +
3.04% 3.98% 4.59% 4.18% 3.63% 4.62% 2.27%
Compton. N/A N/A N/A N/A N/A N/A
Suppression
HEU
FY 2013 | FY 2014 | FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution N/A 0.98 £ N/A 1.02 £ 1.06 = 1.01 %
4.03% 2.75% 2.95% 3.89%
RC-GEA 0.94 + 0.894 + 0.94 + 1.17 0.980 0.988 1.03 £
3.16% 4.04% 4.07% 4.15% 3.83% 3.34% 2.10%
Compton. N/A 0.995 % N/A
Suppression 2.39%
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium; RC-
GEA = rad chem gamma energy analysis

6.12 Barium-140

Barium-140 is measured in the A solution. There are few interferences, which allow for a simple
analysis. R-value results from all Flattop campaigns are shown in Figure 6.12 and Table 6.13.

The results are consistent among campaigns and compare within reason to the ENDF literature
value. The HEU results are slightly low relative to the ENDF literature value.
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Figure 6.12. Barium-140 R-values for DU and HEU sampiles irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R + 10).
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Table 6.13. Barium-140 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10%).
DU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | 0.92 091+ 0.930 £ 0.91 % 0.904 £ 0.901 0.927 £
2.51% 2.19% 3.26% 3.61% 3.49% 3.32% 2.33%
HEU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | 0.96 + 0.94 + 0.978 £ 0.95 % 0.960 £ 0.927 £ 0.989
2.44% 2.80% 2.86% 3.04% 2.78% 2.91% 2.43%
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium

6.13 Cerium-141

Analysis of *'Ce was conducted by GEA of the A solution. It is also used as an internal tracer
for the other Ce isotopes in the separated Ce fractions. The results of the Flattop campaigns are
shown in Figure 6.14 and Table 6.14. The measured R-values are consistent among campaigns
and are within in reason to the ENDF literature value, though there is a slight low bias between
the measured HEU and DU R-values relative to the ENDF value. The measured R-values are

within 20 to the ENDF value for both HEU and DU targets.
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Figure 6.13. Cerium-141 R-values for DU and HEU samples irradiated on the Flattop critical

assembly compared to previous R-value campaigns and ENDF (R * 10).
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Cerium-141 R-values for DU and HEU samples irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10%).

DU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | 0.81 0.84 + 0.766 + 0.82 + 0.851 0.823 £ 0.904 +
2.94% 5.80% 4.67% 4.51% 3.23% 3.94% 3.57%
HEU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | 0.99 + 0.96 0.977 0.96 1.00 + 0.963 + 1.05
2.94% 3.77% 4.05% 5.88% 6.24% 6.98% 3.57%
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium

6.14 Cerium-143

Cerium-143 is measured by GEA of the A solution and as the separated fraction as an internal
tracer. Results from all Flattop campaigns are shown in Figure 6.14 and Table 6.15. R-values
through the campaigns for DU targets are highly consistent with little variation and are nearly
identical to the ENDF R-value. However, there is a slight low bias for the HEU targets, with the
bulk of the R-values being within 2o of the ENDF value.
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Figure 6.14. Cerium-143 R-values for DU and HEU sampiles irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10).
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Table 6.15. Cerium-143 R-values for DU and HEU sampiles irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10%).

DU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | 0.78 + 0.77 + 0.804 + 0.75 = 0.732 £ 0.750 0.769 +
5.67% 2.31% 3.26% 9.77% 5.22% 4.37% 2.80%
HEU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | 0.95 + 0.92 + 0.969 + 0.92 + 0.914 £ 0.904 + 0.989 +
2.08% 2.54% 4.17% 5.25% 2.58% 6.23% 2.80%
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium

6.15 Cerium-144

Analysis of *4Ce is conducted by GEA of both the A solution and as a separated Ce fraction.
Results from all Flattop campaigns are shown in Figure 6.15 and Table 6.16. The averages of
the analysis of the analysis of the A solution or the separated fractions have been calculated:
the A solution only averages are 0.866 + 23% and 0.942 + 26% and the separated fractions are
0.761 £ 32% and 0.923 + 17% for DU and HEU respectively. There is a general trend in the
separated fraction analysis, where the measured R-value is approaching the ENDF R-value,
most specifically the DU targets. The overall average of both the A solution and separated
fractions are 0.813 £ 39% and 0.932 + 31% for DU and HEU respectively. The overall average
of the DU R-values is nearly identical to the ENDF value, the HEU R-value is slightly lower than
the ENDF value but is within 10.

The separation of Ce reflected the changes suggested in Degnan et al. (2019), but there was an
issue in the separation—likely because of the age of the oxidant (sodium bromate). As a
consequence of this issue, only a small fraction of the Ce was in the separated fraction. The
remaining Ce was found in another fraction and analyzed with recovery of more than 88% for
both DU and HEU.
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Figure 6.15. Cerium-144 R-values for DU and HEU sampiles irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R + 10).
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Table 6.16. Cerium-144 R-values for DU and HEU sampiles irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R = 16%).
DU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | 0.86 0.96 = 0.977 £ 0.84 + 0.835 % 0.722 £
13.44% 9.55% 6.11% 6.25% 10.50% 8.72% 0.819 %
RC-GEA | 0.658 + 0.821+ 0.689 + 0.788 + 0.815+ 0.795 + 2.52%
33.51% 3.61% 12.17% 5.18% 4.07% 5.15%
HEU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | 0.97 + 0.90 + 0.933+ 0.92 + 1.02 + 0.906 +
12.25% 18.01% 5.43% 6.71% 2.80% 11.4% 0.985 +
RC-GEA 0.901 £ 0.863 0.878 £ 0.873 £ 112 0.902 £ 2.52%
12.18% 3.46% 4.91% 6.53% 3.91% 7.72%

DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium; RC-
GEA = rad chem gamma energy analysis

6.16 Neodymium-147

Neodymium-147 is analyzed by GEA of the A solution. The R-value results from all campaigns

are shown in Figure 6.16 and Table 6.17. Consistency between campaigns is high, where all

R-values are within 10 between each individual campaign as well as the ENDF value.
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Figure 6.16. Neodymium-147 R-values for DU and HEU samples irradiated on the Flattop

critical assembly compared to previous R-value campaigns and ENDF (R £ 10).
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Table 6.17. Neodymium-147 R-values for DU sample irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R £ 10%).

DU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | 1.18 + 1.20 £ 1.21 ¢ 1.15 £ 1.14 1.16 £ 1.14
6.57% 7.86% 4.95% 4.43% 7.00% 3.48% 2.80%
HEU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | 0.99 + 0.97 £ 3.26 + 0.95+ 1.04 £ 0.952 + 0.979
5.05% 3.60% 2.62% 3.52% 3.50% 3.07% 2.62%
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium

6.17 Samarium-153

Samarium-153 analysis was conducted by GEA of the separated fractions at PNNL with yielding
by ICP-OES. The results for DU and HEU from each of the Flattop campaigns are shown in
Figure 6.17 and Table 6.18. An interlaboratory calibration and comparison study for '>3Sm,
Jackson et. al. (2018) discovered that **Sm thermal 23°U CFY reported in ENDF/B-VII.|
(0.158%) is 15% higher than it should be and should be closer to 0.135%. The CFY reported by
Jackson et. al. (2018) produced a CFYsm-153 / CFYwo-09 ratio of 0.0221, which consequently
raised the R-value reported. The calculated R-values from FY 2021 reflected these changes.

The DU R-values over the Flattop campaigns are not as consistent as the R-values measured
from HEU, there is variability between campaigns, and they were about 14.4% lower than the
ENDF value. Examining only the FY 2021 data (the data that reflect the suggested CFY), the
R-value is still well below the ENDF R-value. The ENDF R-value considers the 2%3U thermal
yields of the '®3Sm, which could possibly use refinement.
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Figure 6.17. Samarium-153 R-values for DU sample irradiated on the Flattop critical assembly
compared to previous R-value campaigns and ENDF (R + 10); open symbols
denote R-Values calculated using the '*3Sm CFY reported in Jackson et al. 2018.

35



Table 6.18.

Samarium-153 R-values for DU sample irradiated on the Flattop critical assembly

compared to previous R-value campaigns and ENDF (R £ 16%)

PNNL-32666

DU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
RC-GEA 2.16 213 % 242 + 2.34 201+ 229 2.60
8.08% 6.24% 6.92% 6.33% 3.91% 3.62% 4.89%
HEU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
RC-GEA 112 1.13 ¢ 1.20 £ 1.14 1.06 £ 111+ 1.27 +
7.46% 6.28% 6.42% 6.40% 3.90% 5.57% 6.47%
DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium; RC-
GEA = rad chem gamma energy analysis

6.18 Europium-156

Europium-156 is analyzed done using GEA of a separated fraction, although the measurement
can be made in the A solution by GEA (not typically reported). Yielding of the '°Eu is done
using two methods, ICP-OES of stable Eu carrier, as well as radiotracer '5?Eu analysis by GEA.
Results from all R-value campaigns are shown in Figure 6.18 and Table 6.19. Both R-values
obtained from each method were included for FY 2021, but only GEA was included for any other
campaign. One of the obstacles of the analysis of '*Eu is the potential for the fractionation of
156Eu and "°6Sm at short times. In the case of the FY 2021 campaign, this was not an issue even
when considering the shorter-than-usual separation times; there was more than sufficient time
between the separation and the irradiation (irradiation began April 12; the sample was received
April 20, and separation of Eu/Sm separation took place April 22).
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Figure 6.18. Europium-156 R-values for DU sample irradiated on the Flattop critical assembly
compared to previous R-value campaigns and ENDF (R + 10).
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Table 6.19. Europium-156 R-values for DU sample irradiated on the Flattop critical assembly
compared to previous R-value campaigns and ENDF (R + 10%).
DU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | N/A N/A N/A N/A 4.69 + 4.08 +
4.66% 12.5%
RC-GEA 5.20 + 451 + 5.16 £ 518 £ 4.40 + 4.48 + 5.07 £
5.30% 5.96% 9.10% 5.03% 5.88% 5.46% 4.89%
RC-OES N/A N/A N/A N/A N/A 4.36 +
5.46%
HEU
FY 2013 FY 2014 FY 2015 FY 2017 FY 2018 FY 2021 ENDF
A Solution | N/A N/A N/A N/A 1.67 + N/A
51.57%
RC-GEA 1.61+ 1.55 + 1.71 1.78 + 151+ 1.57 + 140
6.40% 5.61% 6.04% 5.12% 5.84% 6.04% 4.89%
RC-OES | N/A N/A N/A N/A N/A 1.52 +
5.11%

DU = depleted uranium; ENDF = Evaluated Nuclear Data File; HEU = highly enriched uranium; RC-
GEA = rad chem gamma energy analysis; RC-OES = rad chem optical emission spectroscopy

6.19 Terbium-161

Analysis of '®'Tb presents a unique challenge, requiring separation from other fission products
due to its low yield as well as analysis on a LEPS or low-energy germanium(LEGe) detector for
the low-energy gamma emissions. The results from all Flattop campaigns are shown in Figure
6.19 and Table 6.20. The results highlight the difficulty in the measurement of the fission
product. Only three reported values for DU targets exist—from FY 2017, FY 2018, and

FY 2021—and in all cases, the determined R-value is less than the ENDF R-value. Conversely,
the results from the HEU seems to highlight the improvements to the chemistry and analysis.

Where there is variation in the HEU R-values over the campaigns, the R-values coalesce on the

ENDF R-value. An R-value nearly identical to the ENDF value with a lower uncertainty was
found in FY 2021. This sample was used along with other low-energy samples as long-term
calibration sources for the new LEGe detectors, a new acquisition that had not been rigorously

tested.
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Figure 6.19. Terbium-161 R-values for DU and HEU samples irradiated on the Flattop
compared to previous R-value campaigns and ENDF (R + 10).

Table 6.20. Terbium-161 R-values for DU and HEU sampiles irradiated on the Flattop critical
assembly compared to previous R-value campaigns and ENDF (R = 10%).

DU
FY 2013 | FY 2014 | FY 2015 | FY 2017 | FY 2018 | FY 2021 | ENDF
LEPS N/A N/A N/A 13.01¢ 129 + 115+ 141
8.11% 6.62% 5.59% 5.27%

HEU
FY 2013 | FY 2014 | FY 2015 | FY 2017 | FY 2018 | FY 2021 | ENDF
LEPS N/A 3.71+ 325+ 517 4.69 411+ 4.01+
9.26% 10.2% 9.27% 6.15% 4.92% 7.48%

LEPS = low energy photon spectroscopy

6.20 Uranium-237

Uranium-237 radiometric analysis was performed by GEA of A solution and GEA of the
separated fractions with yielding of the separated fraction using KPA. Elution of U was
accomplished using the methods described in Uhnak et al. (2021b), producing yields higher
than previous campaigns. The presence of 23°U in the DU targe, created an opportunity for the
235U to be used as an internal tracer, allowing for GEA-based yielding of the U. The isotopic
composition of the targets can be found in Table 2.2.

Unlike other neutron energies, the cross section for the n,2n reaction that produces #*’U from a
2381 target is very low. There were detectable quantities of 2°’U in FY 2021, though comparisons
to previous campaign values are difficult as they were not reported in previous fission spectrum
irradiation campaigns. A total of 1.28 x 10" atoms/g of the target were detected, a ratio of
0.0471 £ 4.1% atoms/fission.

For the FY 2021 irradiation, the HEU target was not isotopically pure with the remainder of the
93% 2%°U being made up of mostly 238U. Breeding 2*’U from #*°U is unlikely due to the low
capture cross section of both the 2°°U and 23¢U. The presence of 0.2592% 2*°U creates a second
pathway. A total 2°’U in the HEU target was 1.28 x 10'° + 2.8% atoms/g target were detected,
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corresponding to 7.52 x 10* + 3.8% atoms/fission. It is possible that the production proceeds
through both pathways.

6.21 Neptunium-239

Radiometric analysis of 2**Np was conducted using GEA of the A solution at PNNL, and from
the separated fractions, yielding by GEA of 22’"Np. Neptunium-239 is produced through the
neutron capture on a 238U, with a cross section 1/20" to 1/10" of the fission cross section. Due
to the isotopic purity of the targets, there is only a single pathway to produce 2*°Np, the capture
of a neutron on 228U. In the DU target a total of 1.50 x 10'? + 4.1% atoms/g target was produced,
corresponding to 0.553 + 5.7% atoms/fission. In the HEU target, containing about 5% 2*8U, a
total of 7.22 x 10° + 3.3% atoms/g target was produced, corresponding to 4.24 x 10 + 4.1%
atoms/fission.
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7.0 Result Highlights

As referenced in (Uhnak 2021a) the agreement between PNNL and LANL results were excellent
for nearly all isotopes examined.

An excellent agreement between the literature and LANL results (as noted in Uhnak et al.
2021a) was also achieved.

The following adjustments to the chemistry allowed a significant improvement to the full timeline
of the campaign:

¢ An alternative elution condition, using a citrate buffered HEDTA solution was used for the
elution of U. This resulted in a smaller elution volume and a greater than twofold increase in
the chemical yield.

¢ A separation method for the rare earth elements, originally developed by collaborators at the
Atomic Weapons Establishment in the United Kingdom, was used. This separation method
employs extraction chromatography aided by a vacuum box. All rare earth fractions were
collected in sufficiently radiopure condition and in high enough yield to meet or exceed those
obtained from the traditional chemistry.

Fission yields were calculated for a number of fission products including °'Y and "*¢Cs.
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8.0 Lessons Learned

Yttrium stable analysis is complicated by an unknown source of Y contamination. For future
campaigns a 88Y radiotracer has been acquired.

The method used in the FY 2021 campaign will be further developed and the source of the
stable Y present will be investigated further.
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Table 9.1 includes calculated literature R-values with associated propagated uncertainty. All
literature values are from the ENDF V.III, JENDL, and JEFF databases. Values obtained from
England 1993, Shibata 2011, and Santamarina 2009. R-values were calculated using Error!
Reference source not found..

Table 9.1.  Calculated literature R-values for select fission products. R-value and associated
uncertainties were propagated from the fission yields of each fission product.
235U 238U
R-value *s% R-value *s%

89Sr 0.950 2.62% 0.578 2.62%
%Sy 0.972 2.33% 0.556 2.62%
%Sr 1.01 2.99% 0.686 2.99%
oy 1.01 90.53% 0.686 90.53%
sy 1.01 90.53% 0.767 90.53%
%2Zr 1.02 2.62% 0.783 2.80%
Zr 1.03 3.14% 0.921 3.14%
%Nb 1.02 2.52% 0.78 2.62%
Nb 1.03 2.33% 0.92 2.43%
“Mo 1.00 2.80% 1.000 2.80%
183Ru 1.10 2.80% 2.050 2.80%
105Rh 1.28 3.97% 4.16 3.45%
MAg 2.51 5.27% 4.046 4.89%
112pg 2.97 6.91% 4.245 7.48%
115Ccd 2.76 6.91% 2.946 6.63%
115mCd 2.86 23.85% 3.065 8.71%
1245p 36.87 90.53% 1.36 90.53%
129mTe 1.58 32.10% 1.84 11.26%
131mTe 1.07 45.22% 0.63 16.61%
132Te 1.12 3.14% 1.182 2.80%
136Cs 2.18 90.53% 0.172 90.53%
137Cs 1.03 2.10% 0.969 2.27%
140Ba 0.989 2.43% 0.927 2.33%
41Ce 1.05 3.57% 0.904 3.57%
143Ce 0.989 2.80% 0.769 2.80%
144Ce 0.985 2.52% 0.819 2.52%
147Nd 0.979 2.62% 1.143 2.80%
149pm 0.99 3.14% 1.49 3.45%
5'"Pm 1.01 2.90% 1.89 3.45%
153Sm* 1.27 6.47% 3.04 5.47%
156Sm 1.40 8.70% 5.075 9.16%
154Eu 0.33 90.53% 0.042 90.53%
155Eu 1.26 11.87% 4.361 16.61%
156Ey 1.40 4.89% 5.070 4.89%
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161Th 4.01 7.48% 5.27%
Table 9.1. (contd.)
235U 238U

91Y R-value *s% R-value +s%
ENDF/B-VII.1 1.01 90.53% 0.69 90.53%
JEFF-3.1.1 (400 keV ) 0.94 3.17% 0.70 3.95%
JENDL/FPY-2011 1.01 2.56% 0.68 3.02%
JENDL-4.0 1.01 2.55% 0.68 2.98%

115mCd R-value *s% R-value *s%
ENDF/B-VII.1 2.86 23.85% 3.06 8.71%
JEFF-3.1.1 (400 keV) 2.41 18.94% 3.55 14.83%
JENDL/FPY-2011 2.90 23.85% 3.88 8.71%
JENDL-4.0 2.77 62.01% 2.97 85.08%
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10.0 Specific Recommendations

The recommendations are as follows:

¢ A fresh solution of oxidant must be used for the Ce separation.

Continued use of a complexant for uranium separation is warranted.

Continued use of the vacuum box lanthanide separation is warranted with minor
adjustments to the procedure.

A radioactive Y tracer is needed for Y yielding; therefore, a Y standard has been
purchased for this use. It will require a cleaning procedure to remove stable 8Sr prior to use
to make sure there is no possible interference with the TIMS analysis.

The contaminant source of the Y will be further investigated. The stable Y determination via
ICP-MS is the backup yielding method if 88Y is not available.
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11.0 Conclusions

Collaborating with LANL, PNNL performed six fission energy neutron irradiation campaigns, in
FY 2013, FY 2014, FY 2015, FY 2017, FY 2018, and FY 2021. In each campaign, one of the
Flattop critical assemblies were used for the irradiation. Both HEU and DU were irradiated in
each campaign.

Comparing the individual campaigns has shown PNNL analysis results to be highly consistent
with the established literature values. Analysis at multiple laboratories with multiple analytical
techniques and near replicate irradiations improves the confidence in the data produced in
these campaigns and highlights areas that require improvements.

This work used improved chemistries and analytical techniques compared to methodologies
used for the literature data, which consequently provided improvements to the overall CFY
and/or the associated uncertainty. The campaigns at the various neutron facilities provide the
opportunity to maintain the current radiochemistry capability and grow the unique capabilities at
the national laboratories.
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Appendix A — PNNL Calculations and Associated Uncertainty
A.1 A Solution GEA

A.1.1  Atoms per Gram A Solution

Each A solution was analyzed by gamma energy analysis (GEA) multiple times; corrections
were applied for decay during irradiation using the irradiation history of each measurement. The
reported atoms per gram A solution (N/g A) for each isotope is the weighted average of the
applicable counts using the formula shown in Eq. A.1; any counts that had interferences or very
high uncertainty due to decay were discarded.

The uncertainty associated with the activity for each isotope in a GEA is provided by the Genie
2000 software (Canberra Industries 2006) and considers the counting statistics, the counting
efficiency, and other applicable factors as described in the operator's manual. The weighted
uncertainty for the average N/g A was calculated using Equations Eq. A.2 and Eq A.3. The
unweighted uncertainty for the average N/g A is calculated using the stdev.S function in Excel
which uses the “n-1” method. The weighted and unweighted % relative standard deviation
(RSD) values were compared, and the higher value, which was typically the unweighted value,
was reported. Example data are shown in Table A.1.

1 2 3
Average = —————— (Eq. A1)
1,1 1
of oy 03
1
Owtd= 1 1 1 (Eq AZ)
AR
OHRSD ypg= ——d (Eq.A3)
Averageiq

Where

N is the atoms per gram of A solution

o is the uncertainty

%RSD is the relative standard deviation
wid is weighted

Table A.1.  Atoms per gram of A solution for Zr-97 in four A solution counts

%RSDw % RSDy
N/g A 10 (Weighted) (Unweighted)
Count 1 2.67 x 10° 3.45 x 107
Count 2 2.66 x 10° 4.25 x 107
Count 3 2.77 x 10° 7.59 x 107
Count 4 2.82 x 10° 7.09 x 107
Weighted Average 2.69 x 10° 2.38 x 107 +0.883% +2.89%
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A.2 R-value

The R-value was calculated using Eq.1 or Eq. 2 (Section 4.0), which is repeated below in
Eq. A.4 along with the applicable uncertainty shown in Eq. A.5.

Ny Nx
NMo99 NMo99
. o (Eq. A4)
s (O )
CFYM099 U235 thermal

_ ’ 2 2 2 2 2 2
OR = GNX+GNM099 or \/O'NX+GNM099+0'CFYX+GCFYM099 (Eq.A.5)

A.3 Absolute Fission Yield Calculation Example

Equation 3 (Section 6.2) is repeated in Eq. A.6, with the intention of demonstrating its use in the
calculation of the absolute fission yield for *¢Cs.

Atomsx /g
CFYy = —F—— Eq. A.6
X7 Fissions/g (Eq )
Atomscsize/g  2.04x10° + 3.7% atoms/g

Fissions/g  3.53x102 +3.1% fission/g

CFYcs136thermal = = 5.78x107° + 7.6%

Atomscs136/g  7.65x10° +2.0% atoms/g
Fissions/g  5.97x100 + 2.5% fission/g

CFYC5136fission = = 1.28x10"* + 3.2%

A.3.1 Relative Fission Yield Calculation Example

The R-value equation can be replaced with one containing only the cumulative fission yields
(CFYs) for ®®*Mo at different energies and the analyte of interest X as shown in Eq .A.7. The
relative fission yield can then be calculated using by rearranging Eq. A.7.

G

()

fission

R =

(Eq. A7)
U235 thermal

Rearrangement of Eq. A.7, the R-value used in the calculation of the relative fission yield is the
average of all measured R-values for all fission spectrum campaigns that have been completed
(see Table 6.11 for values used). The CFY used for thermal fission of 22°U for "*°Cs was
calculated using the values measured from the FY 2021 thermal calibration campaign.

CFYMO99fiSSiOTl X CFYXth
CFYmo99tn

CFYxfission = R X (Eq. A8)

o, o 5:94x107 +1.4% X 5.78x107° £ 6.76% s .
CFY136csfission = 2.29 +4.1% X S TLr102 £ 14% =1.36x10"* +8.1%
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A.4 Separated Fractions

The separated fractions are analyzed by one or more analytical techniques including GEA,
inductively coupled plasma optical emission spectroscopy (ICP-OES), inductively coupled
plasma mass spectrometry (ICP-MS), kinetic phosphoresce analysis (KPA), and/or liquid
scintillation counting (LSC). Each technique has different uncertainty considerations.

e The uncertainty associated with the activity for each isotope in a GEA is provided by the
Genie 2000 software (Canberra Industries 2006) and takes into account the counting
statistics, the counting efficiency, and other applicable factors as described in the manual.

e The uncertainty for ICP-OES was calculated using two sources of uncertainty. The first
source is the overall repeatability of the method and instrument response, this appears to be
the largest contributor to the overall uncertainty. The repeatability represents the standard
deviation of the percent recovery for a series of check solutions that were analyzed every
other week for the last year. The other source was the uncertainty of the certified calibration
standard, which contributes to the uncertainty of the calibration process. The two
uncertainties were added in quadrature, U=sqrt(u+2+u,?). One source of uncertainty, which
was evaluated but not included, was dilutions of the standard during preparation, since this
was done gravimetrically with a high-precision, calibrated balance, the uncertainty was
considered negligible.

e The uncertainty for ICP-MS is based on the instrument reported RSD of three replicate
sample measurements.

e The uncertainty for KPA is determined by the KPAwin version 1.2.9 software.

e The uncertainty for each isotope in an LSC analysis is based on the square root of the
number of counts, where applicable the counting efficiency for 8Sr and '®'Tb is assumed to
be 100%.

A.4.1 Tracer Analysis

An aliquot of each radioactive and stable tracer used for chemical yielding for the separated
fractions was analyzed to determine the amount of analyte present per mass of the tracer
solution. The analytical result was used to calculate the amount of tracer added to each
replicate rather than a certificate value. The solutions were prepared using a four-place
calibrated analytical balance; the uncertainty associated with the mass measurement is not
included in the uncertainty propagation.

A4.2 Yield

Each replicate was spiked with radioactive and/or stable tracers to enable chemical yield
corrections. The yield was calculated by comparing the tracer value in the sample to the tracer
value from the stock analysis; the average yield is reported but not used in the calculations
since calculations for each replicate use the applicable replicate yield. The uncertainty for the
yield was calculated using the standard uncertainty equations for multiplication and division as
shown in Eq. 9). The relative uncertainty (in percent) on the yield is then given by:

Grel(%) = \/G%+G§+“' = \/o-zample-l_o-tzracer (Eq- A_9)
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If a replicate is spiked with 0.2225 g "°°Cd tracer with a concentration of 1.66 x 10* £ 3.00%
Bq/g tracer solution and the measured value is 3.61 x 10° + 2.96% Bq/sample then the yield is
97.7 £4.22%

3.61x10° Bq/sample _ 1

Yield =
€ 0.2225 g tracer 1.66x10* Bq/gtracer solution

=78.0%

Oyield = \](3.00% gample+(2'96%)t2racer =4.22%

A.4.3 Atoms per Gram of A Solution

The analyte of interest in each replicate was converted from Bg/sample to a yield corrected N/g
A solution as given in Eq. A.10 with the uncertainty given in Eq. A.11. Lambda is the decay
constant for the given isotope.

N of X A Bq of X per separated fraction . 1 1 Ea. A 10
orAperga= mass of A solution Yield lambda ofX (Eq.A.10)
relative uncertainty (%)= 6,¢ = J o3 +05+.. = \/ Ohqof xTOnield (Eq.A.11)

If a replicate containing 4.7134 g A solution was found to have 1.05 x 10° £ 1.50%
Bg/sample '"°Cd and a yield of 97.7 + 4.22% then the '"*Cd N/g A solution is 6.33 x 107 +
4.47%.

1.05x10° Bq/sample 1

N/g A5cd =
/8 47134 gAsolution  97.7%  3.60x10s7

= 6.33x107 N/g A solution

ON/ga = J(1.50%)§qOfx+(4.22%)§ield =4.47%

For samples with more than one replicate the average N/g A solution was used for calculating
the R-value for a given isotope. The uncertainty for the average is given in Eq. A.12 where S is
the sample quantity (i.e., N/g A) and o is the relative uncertainty for each S in %.

\/(31*01)2+(SZ*02)2+...
Oave (%) = S *100 (Eq. A12)

+/ # of reps
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If two replicates are found to have 6.33 x 107 + 4.47% and 5.73 x 10" £ 4.37% N/g A solution
15Cd, respectively, then the average is 6.03 x 107 + 4.43% N/g A solution.

(6.33x107%4.47%)2+(5.73x107*4.37%)?

7
Oave = 6.03x10 £100 = 4.43%

V2

A.4.4 R-value

The R-value and uncertainty are calculated in the same manner as given in Eq. A.4 and

Eq. A.5. The uncertainty for r,ist was not included. The uncertainty for values from ENDF/B-VII.I
(Chadwick et al. 2011, have been included if the uncertainty for the CFY is less than 64%; 64%
propagates to an uncertainty of around 90% for the R-value, which is rather meaningless and
only affects °'Y, 3Y, and '*¢Cs.

If two replicates are found to have an average of 6.03 x 107 + 4.43% N/g A for "'°Cd and
4.08 x 10® £ 2.15% N/g A for ®*Mo and the ryst for 1'°Cd is 2.07 x 10 then the R-value is
71.5 +4.93%.

6.03x107 N/g A solution '*°Cd

4.08x108 N/g A solution Mo
R= =715
2.07x103

or =/ (4.43%)2 + (2.15%)2 =4.93%

A.4.5 Atoms per Fission

Activation products such as 2*’U and #*°Np are reported in atoms per fission. The N/f and
associated uncertainty is calculated in the same manner as given in Eq. A.4 and Eq. A.5.

N of X per fission =N of X perg A * (Eq.A.13)

fissions per g A

relative uncertainty (%)= 0,¢ = \/c%+0%+... = \/oﬁ/gAﬂf?/gA (Eq. A.14)
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If a replicate was found to have 1.46 x 108 + 3.16% N/g A 2**Np and 6.68 x 10° + 2.57% f/g A,
then the 2°Np N/f is 2.19 x 102 + 4.07%.

N/f?*Np = 1.46x10° N/g A * L _19x0? N/f
6.68x10° f/g A

OnJf = \/(3.16(%,)§/gA+(2.57%)§/gA = 4.07%

A.6
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